A field campaign aimed at observing the near-surface flow field across and downwind of a mountain range on the Falkland Islands, South Atlantic, is described. The objective was to understand and eventually predict orographically generated turbulence. The instrumentation was based primarily on an array of automatic weather stations (AWSs), which recorded 30 s mean surface pressure, wind speed and direction (at 2 m), temperature and relative humidity for approximately one year. These measurements were supported by twice-daily radiosonde releases. The densest part of the AWS array was located to the south of the Wickham mountain range, across Mount Pleasant Airfield (MPA). In northerly flow the array provides a detailed study of the flow downwind of the mountain range. The dataset contains several episodes in which the flow downwind of the mountains is accelerated relative to the upwind flow. During some of these episodes short-lived (typically ∼1 hour) periods of unsteady flow separation are observed and these are associated with the formation of rotors aloft. Such events present a significant hazard to aviation at MPA. Examination of radiosonde profiles suggests that the presence of a strong temperature inversion at a height similar to the mountain height is a necessary condition for both downwind acceleration and the formation of rotors. The data are used to show that the downwind fractional speed-up is proportional to the non-dimensional mountain height (based on upstream near-surface winds and a depth-averaged Brunt-Väisälä frequency diagnosed from radiosonde data). Similarly, a relationship is established between a quantity that describes the spatial variability of the flow downwind of the mountains and the upstream wind and depth-averaged Brunt-Väisälä frequency. The dependence of the flow behaviour on the Froude number (defined in the usual way for two-layer shallow-water flow) and ratio of mountain height to inversion height is presented in terms of a flow regime diagram.
INTRODUCTION
The occurrence of severe weather in mountainous terrain presents a difficult, yet important, challenge to weather forecasting. Strong downslope winds, gravity-wave breaking, hydraulic jumps and rotors due to trapped lee waves are all examples of phenomena for which accurate forecasting could lead to improvements in aviation safety and which would be beneficial to populations in mountainous regions. It is well known that mountain waves are often associated with severe low-level turbulence. The Boulder windstorms and hydraulic jumps over the Rockies (e.g. Lilly 1978; Peltier and Clark 1979; Clark et al. 1994) and the Sierra Nevada, USA (e.g. Holmboe and Klieforth 1957; Kuettner 1959 ) are examples of flows in which hazardous rotor motions are present.
Despite the recent trend towards finer resolution in numerical weather-prediction models, the scales upon which damaging winds may occur remain too small to be accurately resolved. For example, a dangerous rotor under the crest of a lee wave might measure only 1-2 km across (Doyle and Durran 2002; Vosper 2004 ) and this would require horizontal grid spacings of a few hundred metres. The high computational cost of using a primitive-equation model for operational forecasting with such grid lengths remains prohibitive and it is also questionable whether resolving individual eddies in what may be a chaotic system will actually provide the diagnostics required in a practical application. For the time being at least, it seems we must rely on alternative techniques for forecasting such phenomena. A better understanding of the conditions under which they occur is therefore crucial.
There have been relatively few observational studies of lee-wave rotors and hydraulic jumps in the atmosphere. Notable exceptions include the study by Manley (1945) , the pioneering glider measurements made above the Alps (e.g. Kuettner 1939 ) and the only major field project concerned with rotors to date, the Sierra Wave Project, in which sailplane observations of rotors and hydraulic jumps were made over the Sierra Nevada (Holmboe and Klieforth 1957) . More recent observations, of a recirculating region under a lee-wave crest, have been made by Ralph et al. (1997) using remotesensing lidar techniques. Detailed measurements of flow over topography, which included observations of hydraulic jump formation, have also been made in the oceanographic context using acoustic profiling techniques (e.g. Farmer and Armi 1999) .
It is only recently that numerical studies of lee-wave rotors have been conducted. Doyle and Durran (2002) have highlighted the importance of trapped lee waves in the formation of rotors and have demonstrated how, when the wave amplitude is sufficiently large, the wave-induced adverse pressure gradient can give rise to flow separation and regions of recirculation underneath the wave crests. The presence of friction at the ground appears to play a crucial role in allowing flow separation to occur. Through a combination of numerical simulations and linear theory, Vosper (2004) has demonstrated that the presence of a sharp temperature inversion upwind can also play a significant role in the formation of rotors. Possible effects of the inversion include the existence of trapped lee waves on the inversion, lee-wave rotors and hydraulic jumps.
Much of our current understanding of stratified flows over mountains comes from analytical and numerical studies of highly idealized situations in which the upstream flow properties, such as flow speed and stability, are independent of height (e.g. Smith 1989; Schär and Durran 1997) . The few studies which have considered how fine-scale structure (such as sharp temperature inversions) affect the flow have demonstrated significant changes in mountain-wave structure and near-surface flow from that obtained with constant upstream wind and stratification (e.g. Klemp and Lilly 1975; Durran 1986; Wang and Lin 2000; Vosper 2004 ). The influence of strong inversions has also been demonstrated in observational studies. For example, the subsidence inversion above the Californian coastal boundary layer (Dorman and Winant 1995) generates favourable conditions for flow blocking, expansion fans and hydraulic jumps (e.g. Ström et al. 2001) . Colman and Dierking (1992) have also suggested that strong inversions are a necessary condition for downslope windstorms encountered in south-east Alaska. It would appear, therefore, that the application of results obtained in highly idealized conditions to real situations, particularly for the purposes of local forecasting, might be of only limited use. An increased understanding of flow behaviour in the real atmosphere is clearly desirable. This paper describes a recent field campaign whose main aim was to obtain measurements of the near-surface flow across, and downwind of, a mountain range during periods of rotor formation and strong downslope winds. The design of the campaign and details of the instrumentation are presented in section 2 and examples of the flows observed are presented in section 3. In section 4 the climatology of a strong lowlevel temperature inversion which is frequently detected in radiosonde measurements is explored. The surface wind observations are then related to the radiosonde profiles of wind and stability in section 5 and a flow regime diagram is constructed in section 6. Conclusions are drawn in section 7. 
DESCRIPTION OF THE FIELD MEASUREMENTS
The field campaign was conducted on the Falkland Islands in the South Atlantic (around 52 • S, 59 • W) by a team of scientists from the University of Leeds and the University of Manchester Institute of Science and Technology. Data were recorded almost without interruption for a period starting in November 2000 and ending in October 2001. Most measurements were made in the immediate vicinity of Mount Pleasant Airfield (MPA) on East Falkland. MPA is well known for the frequent occurrence of severe low-level turbulence and this poses a significant hazard to air traffic. During periods of stable northerly flow, when the airfield lies downwind of the mountains, Met Office forecasters at MPA frequently issue warnings of severe low-level turbulence and this turbulence is thought to be associated with mountain-wave activity. Forecasters refer to the phenomenon of 'rotor streaming', which describes unsteady recirculations involving rapid changes of wind speed and direction, both in space and time. These conditions are synonymous with severe turbulence across MPA and it is not uncommon to observe the windsocks across the air field pointing in opposite directions. Take-off and landing of aircraft during these events is hazardous and currently there is no reliable method for forecasting such conditions. The Falkland Islands terrain is shown in Fig. 1 . MPA lies to the south of two mountain ridges, spaced around 12 km apart, which run roughly east-west across East Falkland. The most northern of these is Mount Simon and the southernmost ridge is the Wickham range. The height of Mount Wickham is 643 m. The Falklands terrain is mostly grassland (there are no trees), although the hillsides are covered in rocky outcrops where they are steepest. The contrast in air and sea temperatures in the vicinity of the Falkland Islands results in low-level instability for colder air masses transported from the south and stable stratification near the surface for air masses which arrive from the north (Mansfield and Glassey 1954) . Some examples of the cloud formations observed during rotor events are presented in Fig. 2 . These images, taken with a digital webcam at MPA during an episode of northerly flow on 4 November 2000, show a wave cloud over the mountains to the north of MPA. Such clouds are a typical sight in northerly flow. The images, taken only 2 minutes apart, show evidence of an anticlockwise (as viewed in the images) overturning motion at the downwind edge of the cloud and animation of a sequence of such pictures (at 30 s resolution) confirms this overturning. In this case, the presence of the cloud allows us to visualize an intense eddy motion whose primary component of vorticity lies roughly parallel to the mountain ridge upwind.
A more detailed view of the terrain in the immediate vicinity of MPA can be seen in Fig. 3 . Also shown are the locations of 20 automatic weather stations (AWSs) which recorded data throughout the field campaign. The majority of these instruments were situated close to MPA, in order to obtain high-resolution measurements of the flow during rotor events. These AWSs were located on the flat ground across and surrounding the airfield or on the small hill immediately to the north known as Pleasant Peak (Fig. 3 , y = 30 km). Additional instruments were located on a north-south transect through MPA. Three AWSs were also located on the small outlying islands: Sea Lion, Pebble and Weddell Islands, the positions of which are shown in Fig. 1 . However, data from these stations will not form part of this study.
Each AWS was custom-built and consisted of a propeller anemometer mounted at 2 m on a lightweight plastic mast, a non-aspirated temperature sensor housed in a radiation shield, a relative humidity sensor and a sensitive microbarograph. The absolute accuracy of the pressure sensor is better than 0.01 hPa although, due to errors in the calibration caused by temperature variation, in practice this accuracy is reduced to around 0.05 hPa. Full details of the microbarographs and the calibration method are provided by Horlacher (2004) . Data from all instruments were recorded with a sampling rate of 3 s and recorded as 30 s averages by a custom-built datalogger onto 32 Mb flashmemory cards.
In addition to the above, a webcam, situated at MPA and pointing north towards the mountains, recorded time-lapse images of cloud patterns over the first few weeks of the experiment. The surface observations were also supported by operational radiosonde releases by the Met Office at MPA. There were generally two ascents per day, at around 11 and 23 UTC. During northerly flow these radiosonde profiles are clearly not representative of the upwind conditions, rather they are downwind soundings. Unfortunately launching radiosondes from a site to the north of the mountains was not practicable. Turbulence measurements were made at two sites close to MPA using sonic anemometers and two mini-acoustic Doppler sodars were also operated at MPA for a limited time, but data obtained from these instruments will not form part of this study.
EXAMPLES OF DOWNSLOPE WIND AND ROTOR OBSERVATIONS
Here we shall focus on the flow observed during three particular cases, namely 9 February, (t = 40-41 days), 20 and 21 August (specifically t = 232.4-233.4 days) and 17 May 2001 (t = 137-138 days) . Here, and throughout this paper, the time t refers to the time of the experiment in units of Julian day and for convenience the units will be omitted. Times of day will be quoted as UTC, and local time (FKST) is four hours behind UTC. The above three periods were chosen because the flows are typical of those which occurred throughout the experiment during episodes of northerly flow and they represent the range of different behaviours observed. We shall refer to these events as cases 1, 2 and 3, respectively.
Profiles of wind speed, wind direction and balloon ascent rate deduced from MPA ascents during the three cases are shown in Figs. 4-6. The surface wind direction is northerly or north-westerly in the three cases and backs with height through the boundary layer. There is evidence for gravity-wave motion in the balloon ascent rates temperature profiles in the lowest 1.5 km. For cases 1 and 2 these are characterized by strong temperature inversions in the lowest few hundred metres. For example, during case 1 at 1126 on 9 February (t = 40.48), the temperature increased rapidly above 240 m by approximately 7 K over a depth of less than 150 m. Similar inversions are present in the radiosonde profiles obtained during case 2. This is illustrated by the calculation of a depth-averaged Brunt-Väisälä frequency, N , based on the difference in potential temperature between 500 m and the ground. For the radiosondes at t = 39.97 and 40.48 in case 1, N takes the values 0.022 s −1 and 0.027 s −1 , respectively. For the t = 232.47 and 232.97 radiosonde releases during case 2, the measured values of N are 0.028 s −1 and 0.029 s −1 , respectively. These strong temperature inversions at heights similar to the mountain height are a commonly occurring feature of the MPA soundings and we shall examine their climatology further in section 4. According to the recent study by Vosper (2004) , we can expect them to have a significant influence on the flow. Figure 6 shows that no strong temperature inversions are present in case 3, although a weak inversion is present (∼1.5 K) at about 1.8 km in the t = 137.47 profile. Note that the boundary layer is still stably stratified in both ascents; the depth-averaged values of N below 500 m are respectively 0.011 s −1 and 0.012 s −1 when t = 137.47 and 137.97. Examples of time series of the 30 s average wind speeds measured at 2 m by the AWSs are presented in Fig. 7 . The data shown are for the most northerly site (site 24) and two sites, 5 and 8, on the western and eastern edges of MPA, respectively, and about 4.8 km apart. The wind speed at MPA during case 1 is characterized by episodes of strong winds (around 10 m s −1 ) which last for 2-3 hours, followed by shorter periods of slack flow where the wind speed falls significantly to values below 2 m s −1 . During case 2 the wind speeds at MPA are persistently high and are above 12 m s −1 for most of the 24 hour period shown, peaking at a value of about 22 m s −1 . In both cases the flow at MPA is generally much stronger than that observed upwind at site 24. speed-up, s, where
U ref is the wind speed at the upwind site 24 and U max is the maximum downstream wind speed, calculated by finding the maximum wind speed of those measured at AWS sites 1, 2, 3, 4, 5, 6 and 8. For cases 1 and 2, the mean values of s (based on the maximum 10-minute average winds) during the periods of the cases (defined earlier) were 1.06 and 1.59, respectively, indicating acceleration of the flow downstream of the mountains by factors of around 106% and 159%. In contrast, the mean value of s during case 3 was less than 0.07, implying no discernable acceleration of the downwind flow.
Comparison of Fig. 7 (a) with (b) and (c) reveals a further difference between the cases. There appear to be several instances during case 1 when the wind speeds at sites 5 and 8 behave in a quite different manner, implying a high degree of spatial variability in the flow across MPA. For example at around t = 40.2, the wind speed at site 5 is approximately 7 m s −1 , whereas site 8 experiences speeds of less than 1 m s −1 . Similarly just after t = 40.3 the wind speed at site 8 is above 10 m s −1 but is less than 3 m s −1 at site 5. Overall, the temporal variations of wind speeds at sites 8 and 5 are less closely correlated during case 1 than for cases 2 and 3. The correlation coefficient for the wind speed during case 1 is 0.62. For cases 2 and 3 the correlation coefficients are 0.88 and 0.86, respectively.
Examples of the 10-minute average 2 m wind fields during the three cases are presented in Fig. 8 . As shown by Figs. 8(a)-(c), the near-surface flow during case 1 is characterized by relatively weak flow upwind of the mountains at the most northerly site and accelerated flow downwind of the mountains across MPA. Consistent with the periods of reduced correlation in the wind speed time series for this case, the flow field across the airfield contains a high degree of spatial variability. For instance, at t = 40.215 ( Fig. 8(a) ) the flow immediately to the north of the airfield is predominantly from the north, whereas at sites 8 and 6, on the northern edge of MPA, the flow has a marked easterly component. Similar highly variable flow fields can be seen at later times during the day. For example, at t = 40.632 ( Fig. 8(b) ), a strong easterly wind is present across the airfield, whereas immediately to the north and south the flow has a strong northerly component. Such high degrees of flow convergence imply the likely occurrence of flow separation. For instance in Fig. 8(b) , the rapid turning of the flow from northerly to easterly to the south of Pleasant Peak indicates that perhaps the flow separates along an east-west line somewhere in this vicinity. By estimating the horizontal convergence in the 2 m wind field across MPA we can obtain a crude estimate for the magnitude of the associated vertical velocity, w, aloft. This has been attempted using the 30 s wind measurements at sites 13 and 9 to calculate the east-west gradient in the westerly wind component and sites 12 and 8 (see The flow downwind of the mountains exhibits a high degree of temporal, as well as spatial, variability during case 1. For example the easterly flow across MPA in Fig. 8(b) persists for only about one hour and by t = 40.674 (see Fig. 8(c) ) is replaced by a more uniform flow field in which the flow is again accelerated (relative to that upwind at site 24) but remains northerly across MPA. This flow pattern itself persists for less than two hours and is then replaced by stagnant flow at MPA, again consistent with the occurrence of flow separation. Patterns such as those in Figs. 8(a) and (b) are consistent with the existence of some form of rotor aloft, though with surface measurements alone we are clearly unable to determine the precise structure of the eddy motion. Given the complexity observed in the near-surface flow and the temporal variability, it seems likely that such motions are complex and three-dimensional in nature. Since the terrain around MPA is relatively flat and in some instances the flow deflections occur as far as 10 km south of Pleasant Peak (i.e. as far south as site 1), this flow separation is clearly not simply due to the steepness of the terrain. More likely, it is associated with the presence of lee-wave motion aloft or perhaps a hydraulic jump.
As implied by the wind speed time series in Fig. 7 (b) and average value of s, the wind vectors presented for case 2 (see Figs. 8(d) and (e)) reveal that the flow was again strongly accelerated downwind of the mountains. Wind speeds often exceeded 15 m s −1 at the airfield and, as for case 1, the winds at the most northerly site are relatively slack. As shown in Fig. 8(d) , there is some evidence for stagnation in the flow to the south of MPA during the early stages of this case (t = 232.458). However this persisted for less than 2 hours (until t = 232.542) when, in contrast to case 1, the flow across MPA was then relatively uniform and steady for around 12 hours, after which the flow turned westerly. An example of the flow during the period of steady downwind acceleration is shown in Fig. 8 (e) for t = 232.958. A typical example of the flow field for case 3 is presented in Fig. 8 (f) at t = 137.5. As expected, given the negligible s, the flow vectors show no significant acceleration downwind of the mountains. The flow is also relatively unidirectional across the airfield during this event.
Also shown in Fig. 8 are the 10-minute average values of the flow-induced pressure perturbation, p , as determined from the microbarograph measurements of surface pressure. In order to determine p , it is of course necessary to remove the component of the pressure due to the synoptic-scale pressure field and a 'hydrostatic' component, caused by the height of the instruments above sea level. In previous work (Vosper et al. 2002; Vosper and Mobbs 1997) , where accurate measurements of the heights of the instrument sites were unavailable, this latter component has been deduced from pressure measurements during periods of slack flow. In this study, however, accurate satellite Global Positioning System (GPS) measurements of the AWS heights were obtained using a differential technique. The errors in the height measurements are estimated to be smaller than 1 m and these measurements were used to adjust the measured surface pressures at each site to a common height (sea level). For each site the adjustment was accomplished by calculating vertical profiles of density from the pressure and temperature measurements at neighbouring sites and then numerically integrating the hydrostatic equation to obtain a sea-level pressure, p 0 , for each 30 s interval. The use of only neighbouring sites to determine the density profiles allowed for the possibility of different profiles upwind and downwind of the Wickham range, as may occur during flow blocking for example. Based on a 1 m error in the GPS height measurements, the likely errors in p 0 are at most ∼ 0.1 hPa. Values of p were obtained by then subtracting the synoptic-scale pressure which was itself estimated by simply averaging p 0 across all the sites with uninterrupted datasets to obtain a synoptic pressure for each 30 s interval.
Figures 8(a)-(f) show that, excluding the area downwind of the mountains, the behaviour of the pressure perturbation across the mountains is qualitatively similar for the three cases. The pressure perturbation is generally positive upwind of the mountains at site 24, with values exceeding 2 hPa at times during cases 1 and 2. Moving south towards the summit of the most northerly mountain (Mount Simon, y = 47 km), the pressure shows a tendency to decrease to near zero or negative values and then increase again in the valley between Mount Simon and the Wickham range. Moving progressively further south, negative pressure perturbations are observed on the summit of Mount Wickham (y = 35 km). Negative values are also experienced across the summit of Pleasant Peak where, at t = 232.958 during case 2 (Fig. 8(e) ) for example, p falls below −4 hPa.
During case 1, p contains considerable spatial variability. At t = 40.215 ( Fig. 8(a) ) p is generally negative across MPA, although values range from around −1 hPa to 0 hPa. At t = 40.632 (Fig. 8(b) ), when the MPA sites experience large easterly deflections, these negative values are replaced by positive p values as high as ∼1 hPa. The accompanying adverse pressure gradient experienced by the flow between Pleasant Peak and MPA is consistent with the occurrence of flow separation there. Further south, where the wind direction is again northerly, negative pressure perturbations are observed (p ≈ −1 hPa). As shown by Fig. 8(c) , later during case 1 (t = 40.674), when the flow is more uniformly accelerated across the airfield, the positive values (and hence adverse gradient) are absent and at several sites negative pressure perturbations are observed. Consistent with the reduced degree of variability observed in the wind field, the p pattern observed during case 2 contains much less variability and is generally negative at all downwind sites. During the period of strong downwind acceleration (Fig. 8(e) ), the increased winds across MPA coincide with large negative p values (∼−4 hPa). The north-south asymmetry in the pressure field which is generally observed in cases 1 and 2 (see Figs. 8(a) , (c), (d) and (e)) would seem consistent with a high drag state, perhaps due to the presence of a large-amplitude mountain wave or a hydraulic jump. The asymmetry is largely absent during case 3 when, consistent with the lack of downwind acceleration, the p values observed at the MPA sites are generally small and positive. Relative to the pressure drag experienced in cases 1 and 2, this implies a lower drag state.
In summary, these three cases are distinguished at the surface by the degree of speed-up and spatial variability of the lee-side winds. In cases 1 and 2, the flow is generally accelerated across MPA relative to that upwind. During case 3 there is no such acceleration. Cases 1 and 2 both exhibit short periods of variable lee-side winds. These are particularly pronounced and most frequent during case 1 but restricted to the early stages of case 2 only, after which the lee-side flow was more uniformly accelerated. During case 3 the winds are relatively uniform downwind of the mountains. Aloft, the three cases are distinguished by the presence or absence of a strong temperature inversion. This inversion is present during cases 1 and 2 but, apart from a weak inversion at 1.8 km, absent for case 3.
CLIMATOLOGY OF INVERSIONS
Given their apparent impact on the flow it is appropriate to explore the climatology of strong inversions over the Falkland Islands. With this aim, a large dataset, consisting of all radiosonde ascents launched from MPA during the period 22 October 1997 to 30 June 2003 was obtained. From this dataset a total of 3731 ascents were used (which contained reliable data). The base heights of inversions, z i , if present, were identified in each profile by searching for levels at which the temperature first began to increase with height. Similarly, the tops of inversions were identified as the heights immediately above where the temperature gradient again became negative. In many cases several inversion layers can be identified in each temperature profile using this method. However, in the interests of simplicity, we shall restrict attention to the inversion in each profile which represented the greatest change in potential temperature, θ. Many inversions appeared to contain fine structure within them such as thin neutral layers with depths of a few tens of metres. Since the significance of such features is questionable and in northerly conditions the structure of the inversion is almost certainly modified by the mountains, the approach taken here was to regard such inversions as a single inversion when the depth of the neutral layer was less than 100 m.
The variation of inversion strength (as measured by the largest value of θ detected in each profile) with wind direction at the base height of the strongest inversion is presented in Fig. 9(a) in the form of a histogram in which wind direction data have been binned into 30 • intervals. It appears that the strongest inversions ( θ > 5 K) occur more frequently for northerly flow than for westerly flow. For example, for wind directions between 330 • and 360 • , almost 40% of radiosonde profiles contain an inversion with θ > 5 K, whereas for 240 • -270 • this fraction is less than 10%. The variation of the inversion height, z i , with wind direction is presented in Fig. 9(b) . There appears to be a clear trend for lower values of z i in northerly flow. For example, when the wind direction at z i lies between 330 • and 360 • , around 70% of the inversions have a base height between 250 m and 1 km, compared to only 15% for wind directions between 180 • and 210 • . Interestingly, a large proportion of the inversions in northerly flow have base heights below 250 m (55% for 270 • to 300 • ), i.e. significantly lower than the mountain heights upwind of MPA. Such inversions must have descended from above the mountain crest upwind, or possibly passed through the valley to the north of MPA (see location of site 15 in Fig. 3) .
The actual frequency of northerly flow events during 1997-2003 is illustrated by the histogram presented in Fig. 10 Whilst it is possible that the occurrence of stronger and lower inversions at MPA in northerly flow might be influenced by the mountains to the north * , the behaviour shown in Fig. 9 is also consistent with the idea that the boundary layer is generally more stable in northerly conditions due to the greater air-sea temperature contrast. This has been studied further by examining the difference between the air temperature * For northerly flow the tightening and lowering of isentropic surfaces downwind due to the presence of mountain waves may cause a reduction in the inversion height measured at MPA and an increase in strength. However, the presence of a hydraulic jump downwind could have the opposite effect. and the temperature of the sea surface over which the air mass arriving at MPA has travelled. Sea-surface temperature (SST) data were obtained for the region from the NOAA weekly Optimum Interpolation SST global analysis fields (Reynolds and Smith 1994) on a 1 • grid. Using a set of grid points along the sides of a rectangular box surrounding the Falkland Islands (whose north-west and south-east corners were located at 50 • S, 62 • W and 53 • S, 57 • W, respectively), the SSTs were averaged to give values representing the temperatures for areas of sea in the quadrants north to east, east to south, south to west and west to north of the Falkland Islands. This particular choice of quadrants was preferred because the orientation of their boundaries is rotated around 45 • from the sea-surface isotherms which, climatologically, are aligned roughly southwest to north-east in this region. For each radiosonde ascent, a quadrant SST value was selected according to the wind direction at 500 m and the week during which the radiosonde was launched. Figure 10(b) shows the variation of the difference between T , the average air temperature below 500 m as measured by the radiosondes, and the SST values with the wind direction at 500 m. Data are presented for the duration of the field campaign. Figure 10 (b) contains a high degree of scatter associated with the synoptic variation of the air temperature but, as expected, reveals an underlying trend in which the lowest temperature differences (which are negative) occur for southerly flow. For northerly wind directions, the temperature differences are larger and often positive, consistent with the idea that the positive air-sea temperature differences contribute, at least partly, to the strong low inversions which are encountered in northerly flow. The temperature differences during cases 1 and 2, where strong inversions were observed, are consistent with this idea; the differences were 3.69 K and 3.72 K (t = 39.97 and 40.48, respectively) during case 1 and 0.87 K and 1.52 K (t = 232.47 and 232.97, respectively) during case 2. In contrast, during case 3 when no inversion was present below 1 km, the air and sea temperature differences were negative at −2.01 K and −1.25 K for t = 137.47 and 137.97, respectively.
The combination of stronger and lower inversions for northerly flow has a marked effect on the variation of the depth-averaged Brunt-Väisälä frequency, N , with wind direction. Although not shown here, scatter plots of N against wind direction reveal that values as high as 0.03 s −1 are observed over the lowest 500 m for northerly wind directions, whereas for southerly flow N tends to be smaller and peak values are around 0.015 s −1 . The lowest 500 m is also frequently unstable in southerly conditions, whereas this rarely occurs for northerly flow. The values of N are in fact positively correlated with the temperature difference data in Fig. 10(b) (the correlation coefficient is approximately 0.7), confirming the expected result that the stability increases with increasing air-SST differences.
DEPENDENCE OF THE NEAR-SURFACE FLOW ON UPWIND CONDITIONS
The three cases examined in section 3 indicate that the presence of a strong temperature inversion, or alternatively the low-level stability which accompanies the inversion, might be a necessary condition for downwind acceleration or rotor formation. We shall attempt to confirm this by relating the surface wind observations to the radiosonde wind and stability measurements using data obtained throughout the field campaign. We shall first examine the fractional speed-up, s, where here s is calculated using 2-hour average wind vectors over averaging intervals which are centred on the launch times of the radiosondes. This averaging was necessary because of the relative scarcity (two ascents per day) of the profile data relative to the AWS measurements and was performed in an effort to ensure that the surface wind measurements were representative of those at the time of the radiosonde ascents. In the case of constant upstream wind speed, U , and Brunt-Väisälä frequency, N , linear theory can provide a simple scaling for the fractional speed-up. Since the vertical wave number for two-dimensional hydrostatic mountain waves is given by N/U and for a hill of height H and width L the vertical velocity, w ∼ UH/L, we can write ∂w/∂z ∼ NH/L. Therefore from continuity we expect |u |/U , where u is the horizontal velocity perturbation, and hence s, to scale with the non-dimensional mountain height, NH/U . Figure 11 (a) shows the variation of U max − U ref with NH, where in this case H is the height of Mount Wickham, N is the depth-averaged Brunt-Väisälä frequency below 500 m and we recall that U ref and U max are the 2 m wind speed observed at site 24 and the maximum wind speed observed downwind, respectively. Only data for northerly flow cases, where the radiosonde wind direction at 250 m was between 300 • and 60 • are included in Fig. 11 (a) * . Consistent with the above simple scaling, the largest positive differences between the downwind and upwind speed clearly occur for the more stable cases and a positive correlation exists between the wind speed differences and the lowlevel stability (correlation coefficient ≈0.5).
The relationship between s and the non-dimensional mountain height, defined as NH/U ref , is shown in Fig. 11(b) for the same interval of wind directions. Although the choice of U ref in the expression for the non-dimensional mountain height will generally underestimate the free-stream wind speed, this choice is preferred over a radiosonde wind speed because of the lack of upwind radiosonde data. In any case, even if upwind profiles were available, use of the latter would introduce further uncertainty due to the presence of vertical wind shear. Figure 11(b) shows there is a clear tendency for s to increase with increasing NH/U ref (correlation coefficient ≈0.9). Given the likely contamination of the radiosonde stability measurements by mountain effects, this degree of correlation seems encouraging and suggests a genuine link between the speed-up and the upwind stratification. The correlation is poor if attention is restricted just to flows with an easterly component. For instance, the near-zero values of s in Fig. 11 and 60 • . It seems likely that this change in behaviour for north-easterly directions is connected with the decrease in elevation of the Wickham ridge to the north-east of MPA (see Fig. 3 ). Also marked on Fig. 11(b) are the values of s and NH/U ref observed during the 2-hour intervals which correspond to the radiosonde ascents (Figs. 4-6 ) during the three cases presented in section 3. During case 3, the absence of a strong temperature inversion implies relatively low values of NH/U ref and consequently s is small. The strong temperature inversions in cases 1 and 2, however, give rise to larger values of NH/U ref and the fractional speed-up is relatively high. These values of s, based on 2-hour average winds, are of course far less extreme than those obtained from the 10-minute data.
We shall now examine how the rapid spatial changes in the flow across MPA, of the kind seen in Figs. 8(a) and (b) , are related to the radiosonde wind and stability measurements. In order to quantify the spatial variability we shall define a standard deviation of the wind field at MPA, σ , as
where σ u and σ v are respectively the standard deviation of the westerly and southerly 10-minute average wind components measured at the downwind AWS sites. As with the fractional speed-up, the downwind sites used in the calculation were sites 1, 2, 3, 4, 5, 6 and 8. In general we might expect σ to increase with increasing wind speed and this is confirmed by Fig. 12(a) , which shows the variation of σ with the average downwind wind speed, U = |U|, where U is the mean downwind wind vector, calculated using data from the same AWS sites. Again only northerly flow data are included here and these are defined as data for which the 2 m wind direction at site 24 lies between 300 • and 60 • . There is a high degree of scatter in Fig. 12(a) , which appears to be skewed somewhat towards the higher σ values. Indeed Fig. 12(a) suggests that there is a minimum value of σ which increases with increasing wind speed. However larger values (as high as around 6 m s −1 ) occur over a wide range of wind speeds. The relationship between the ratio σ/U and the downwind fractional speed-up, s, again calculated using 10-minute average winds, is presented in Fig. 12(b) . During instances of high speed-up, σ/U is generally small and approaches a value of around 0.3 with increasing s. Such instances correspond to the kind of flows shown in Figs. 8(d) and ( (Fig. 8(c) ), the fractional speed-up increases ( s = 0.32) and σ/U falls to a value of 0.25. This apparent anti-correlation between σ/U and s illustrates the fact that, during times of spatially variable winds, the flow is actually decelerated relative to that upstream. Note that this applies to the instantaneous wind field only. Long periods during which s is high on average, may in some cases (e.g. case 1) be interrupted by short intervals of flow separation where σ/U is instantaneously high. Thus, when characterizing the flow over some given time period, it is perhaps the maximum, rather than the average, value of σ/U which is most relevant. We shall return to this point in section 6. From the point of view of damaging winds or the risk posed to aviation, both the wind strength and variability are likely to be important factors. A measure of both effects is the product σ |U|, where |U| is the average of the wind speeds across the downwind sites (as opposed to the magnitude of the average flow vector). The variation of this quantity has been related to the stratification and upstream near-surface winds in the same way as for the downwind fractional speed-up. The σ |U| quantity was computed using the 2-hour average wind field with the averaging intervals again centred on the radiosonde launch times. Unlike the s scaling, in this case there is no simple theory to guide us in establishing a relationship with the mean flow. However, given the dependence of s on the non-dimensional mountain height, we might choose to recombine N , H and U ref to form a quantity with the same dimensions as σ |U|, namely NHU ref . Figure 13 Figure 13 (a) emphasizes the importance of the stratification since events with the highest values of σ |U| occur for strong stratification as well as high upstream wind speeds. It should be noted here that H is included in Fig. 13(a) purely in the interests of providing a quantity with the same dimensions as σ |U|, and it is not clear whether this is the most relevant lengthscale.
The empirical results shown in Figs. 11(b) and 13(a) imply a relationship between σ |U| and s, namely that σ |U| ∝ U 2 ref s. Since no stability measurements are required, this can be tested using the 10-minute average AWS measurements alone and the results are presented in Fig. 13(b) for northerly flow. There appears to be a roughly linear relationship between the two quantities when s is positive, and this suggests that the most dangerous events will occur (where σ |U| is high) when both the fractional speedup and U ref are high. 
A FLOW REGIME DIAGRAM
The above analysis has demonstrated the importance of low-level stratification for the occurrence of accelerated flow and flow variability downwind of the mountains. However, the reliance on a depth-averaged Brunt-Väisälä frequency cannot distinguish between stable cases with and without an inversion. The potential importance of an inversion has been highlighted recently by Vosper (2004) , who presented results for twodimensional flow over an isolated ridge. Specifically, Vosper presented a flow regime diagram (his Fig. 9 ) for idealized flows with a height-independent upstream wind speed and Brunt-Väisälä frequency (above the boundary layer) and a neutral boundary layer which was capped by a sharp inversion. For a fixed hill size and shape and a fixed upstream wind speed and stratification, the two controlling parameters are the ratio of hill height to inversion height, H/z i , and the Froude number, F i , defined in the usual way for a two-layer shallow-water flow, namely,
where g = g θ/θ 0 , g is the gravitational acceleration, θ is the magnitude of the potential temperature difference across the inversion and θ 0 is a reference potential temperature. F i is the ratio of the flow speed to the speed of long-wavelength interfacial waves on the inversion when the stratification above is neutral (Baines 1995) . In the light of Vosper's results, we have attempted to examine the dependence of the observed flow on similar parameters. For each radiosonde ascent over the period of the field campaign (when inversions were identified), the quantities z i and θ were diagnosed as described in section 4. In real conditions, when the wind speed varies with height, the Froude number is somewhat ill-defined and there is no clear appropriate choice for the value of U in Eq. (3). As discussed previously, since the radiosonde measurements are almost certainly contaminated by mountain effects, we shall again choose the 2 m wind measurements at site 24, U ref , to represent the 'upwind' value. It is helpful to try and relate this hydraulic framework to the earlier results, such as the relationship between s and NH/U ref , which relied on ideas for continuously stratified flows. In the case where the flow is neutrally stratified above and below an inversion, if the inversion occurs at the top of the range of heights used for calculation of the depthaveraged N , then the Froude number can be related to the non-dimensional mountain height by
Given the result suggested by Fig. 11(b) , we can therefore expect the lee-side fractional speed-up to increase as both F i and z i decrease. The former result is confirmed by Fig. 14(a) which shows how s, computed from the average flow over 2-hour intervals centred on the radiosonde launch times, varies with F i −1 . Only northerly flow cases are included here (where the wind direction at site 24 was between 300 • and 60 • ), and the data are also restricted to a range of inversion heights such that 1.29 H/z i 4. The lower of these limits ensures that z i is not greater than 500 m, the height over which the depth-averaged N was calculated. Figure 14 (a) reveals a positive correlation between s and F i −1 ; the correlation coefficient is ≈0.94. Interestingly, this is a marginally better correlation than that obtained between s and NH/U ref in Fig. 11(b) and this is still the case if the correlation is repeated using the exact filtering applied to produce Fig. 14(a) (the correlation coefficient is again ≈0.9). The relationship between s and the inversion height is illustrated by Fig. 14(b) for a fixed range of Froude numbers (0.2 F i 0.3). Again there is a positive correlation between the two signals (the correlation coefficient is ≈0.77), indicating that the downwind fractional speed-up will increase with decreasing inversion height.
The surface wind observations have been classified into three types, according to the values of s (based on the 2-hour average winds) and the maximum values of σ/U (calculated using the 10-minute average data) achieved during the 2-hour intervals centred on the radiosonde launch times. These were: Note that maximum, rather than average, values of σ/U are used to define category (ii) flows, in order that the short-lived flow separation events are captured. Using these criteria, the flow during case 1 falls into category (ii) at the radiosonde launch times t = 39.97 and 40.47. The case 2 flow falls into category (ii) early on when t = 232.47, but later at t = 232.97 it falls into category (i). The flow during case 3 falls into category (iii) at t = 137.47 and 137.97. The classifications of the flow are plotted in Fig. 15 against the diagnosed values of F i and H/z i . This 'flow regime' diagram contains a degree of scatter, some of which may simply be due to the added complexity of factors such as three-dimensionality, upstream vertical wind shear and variation in the Brunt-Väisälä frequency which were not considered in Vosper's idealized study. Nevertheless Fig. 15 does appear to contain a certain degree of clustering for the different flow types. For example, the cases of strong downwind speed-up (shaded circles) are restricted to F i 0.75, whereas the weak acceleration cases (crosses) tend to occur in a band roughly aligned such that the Froude number increases with increasing H/z i . When H/z i 1, weak acceleration is roughly constrained to Froude numbers greater than around 0.75.
In the absence of detailed measurements above the surface, we are unable to draw any firm conclusions about the processes which give rise to the different flow types. Nevertheless it is interesting to note the broad similarities between Fig. 15 and Vosper's Fig. 9 . Vosper's results show that lee waves on the inversion occur when the Froude number is less than some critical value. This critical value increases towards unity as the inversion height decreases. For sufficiently high H/z i , the lee waves are associated with downwind acceleration of the near-surface flow and for progressively lower values of F i the wave amplitude increases, resulting in lee-wave rotors and eventually hydraulic jumps. These latter phenomena give rise to both downwind acceleration and variable near-surface winds. This behaviour appears to be roughly consistent with the way in which the flow changes from type (iii) (weak downwind acceleration) to type (i) or (ii) in Fig. 15 . We should point out, however, that the range of values of H/z i presented in Fig. 15 is far greater than that studied by Vosper, who did not examine flows in which the inversion height was below the mountain summit. For many of the MPA radiosonde profiles the base height of the inversion is considerably lower than the mountain height, leading to values of H/z i which are greater than unity * . Clearly further study at H/z i > 1 would be required before any precise comparison could be made between the field measurements and the idealized flows.
CONCLUSIONS
The extensive dataset of near-surface winds across and downstream of the mountains on East Falkland contains several cases of strong downwind flow acceleration. In certain cases these accelerated flows contain relatively short periods (∼1 h) where the mean downwind flow is actually decelerated relative to the upstream wind speed and contains a high degree of spatial variability. The horizontal convergence associated with this variability indicates that flow separation takes place and it seems likely that these episodes correspond to the existence of rotor motion aloft. Since this study is restricted to mostly surface-based measurements, little can be said about the internal structure of the rotors and remote-sensing techniques would probably be required in order to investigate this further.
The measurements have shown how the presence of a strong low-level temperature inversion has a significant effect on the flow. Specifically, the inversion, or its associated strong stable stratification at low levels, appears to be a necessary condition for strong downwind acceleration and rotor formation. The impact of the inversion has been illustrated through three case-studies observed during the field campaign. These flows have demonstrated the existence of three main flow types:
(i) uniform acceleration of the flow downwind of the mountains, (ii) accelerated flow which exhibits short periods of high spatial variability due to rotors, and (iii) flows in which little or no net lee-side acceleration occurs.
We should of course point out the possibility that rotors are at times undetected by the AWS array at MPA, simply because they are located elsewhere, or perhaps occur at higher levels and do not cause a significant disturbance at ground level. In such cases the flow may be wrongly classified as being of type (i).
The analysis of twice-daily radiosonde ascents spanning a period of almost 6 years shows that the strongest and lowest inversions occur for northerly flow, where the difference between the air and sea-surface temperature is greatest. From the frequency of different inversion strengths and wind directions shown in Figs. 9(a) and 10(a), we can see that strong inversions ( θ > 5 K) and northerly flow (300 • -60 • at 500 m) occur simultaneously around 7% of the time at MPA. Depending on the inversion height and flow speed we might therefore expect lee-side acceleration (and possibly rotor formation) on up to roughly 29 days per year.
Using the AWS and radiosonde measurements we have managed to establish two key empirical relationships which relate the lee-side fractional speed-up and variability to the stratification, namely s ∝ NH/U ref and σ U ∝ NHU ref . Further, by considering the shallow-water framework, where the controlling parameters are F i and H/z i , we have obtained a flow regime diagram in which the flow downwind of the mountains is categorized into the above three types. Given the well-known difficulties of providing numerical forecasts of strong downslope winds or rotors on a local scale, these empirical results and flow regime diagram could prove useful in developing alternative forecasting techniques.
